We hypothesized that TSH-receptor (TSHR) stimulating antibodies (TSAbs) are involved in oxidative stress mechanisms in patients with Graves disease (GD).
I
ncreased production of reactive oxygen species (ROS) and uncontrolled stress are associated with the development of cardiovascular and autoimmune diseases, such as Alzheimer's disease, systemic lupus erythematosus, rheumatoid arthritis, and Graves disease (GD) (1) (2) (3) (4) (5) (6) (7) (8) . GD is a prevalent organ-specific autoimmune disorder and is the primary cause of hyperthyroidism (9) . Increased oxygen consumption, mitochondrial dysfunction, and oxidative stress were reported for patients with hyperthyroidism (4) . Increased markers of oxidative stress and decreased antioxidative capacity were also observed in erythrocytes of patients with GD (10) .
Under physiological conditions, cells are defended by an antioxidant system (4) . ROS are involved in multiple cellular processes, such as cell defense; hormone synthesis and signaling; activation of G protein-coupled receptors, kinases/phosphatases, and transcription factors; and gene expression. However, under pathophysiological conditions, ROS cause inflammation and fibrosis (11) . ROS confer, at low concentrations, essential redox signaling in fundamental cellular processes (i.e., differentiation, proliferation, and migration), whereas high levels of ROS are toxic to cells. ROS include the superoxide anion radical (O 2 -• ), peroxy radical (ROO • ), hydrogen peroxide (H 2 O 2 ), singlet oxygen ( 1 O 2 ), per hydroxyl radical (HO 2 • ), and the highly reactive hydroxyl radical ( • OH). The respiratory burst in leukocytes is mainly mediated through the phagocytic nicotinamide adenine dinucleotide phosphate oxidase, isoform 2 (NOX2) enzyme via production of ROS during the immune response (12, 13) . Increased and chronic ROS production results in oxidative stress, which can lead to protein and DNA damage and lipid peroxidation (14) . Lipid peroxidation is the reaction of oxygen or ROS with unsaturated lipids. The primary products of lipid peroxidation are lipid hydroperoxides. Aldehydes, which can be formed as secondary (fragmentation) products during the degradation of lipid hydro peroxides, include 4-hydroxy-2-nonenal (4-HNE), malondialdehyde (MDA), propanal, and hexanal (15) .
Circulating TSH-receptor (TSHR)-stimulating autoantibodies (TSAbs) induce the clinical phenotype of GD and are regarded as specific biomarkers for GD. TSHRAbs act either as an agonist, stimulating unregulated thyroid growth and thyroid hormone production, or as an antagonist, blocking the activity of the natural ligand thyrotropin (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) . In this study, we hypothesized that TSAbs are involved in oxidative stress mechanisms in GD. Therefore, the generation of ROS and the consequent oxidative damage of lipids, proteins, and nucleic acids were investigated in patients with GD, in patients with toxic nodular goiter, and in control subjects.
Materials and Methods

Study population
The study protocol was approved by the Ethics Committee of the Johannes Gutenberg University Medical Center, Mainz, Germany, and was carried out in accordance with the ethical guidelines of the Helsinki Declaration. Informed consent was obtained from all participants enrolled in the study. Whole blood and urine samples were drawn from hyperthyroid patients with untreated GD (n = 54) and were investigated for the presence of various oxidative stress markers and compared with euthyroid patients with GD on antithyroid drug treatment (n = 19) and hyperthyroid patients with toxic nodular goiter (n = 5) without thyroid antibodies (Abs) and functional autonomy in the thyroid scan. Also included were 42 euthyroid healthy control subjects who were devoid of thyroid, endocrine, and autoimmune disorders and who had negative family history of autoimmune diseases. Diagnosis of GD was based on clinical phenotype, the presence of a diffusely enlarged thyroid gland, thyroid Doppler sonography with enhanced perfusion of the gland, and increased serum levels of thyroid hormones and TSHR-Abs.
Thyroid hormones and related antibodies
Concentrations of serum TSH, free triiodothyronine, free thyroxine, antithyroglobulin and antithyroperoxidase antibodies, and TSHR-binding inhibitory immunoglobulins were measured using electrochemiluminescence immunoassays (Elecsys, Cobas e411; Roche Diagnostics, Mannheim, Germany) according to the manufacturer's instructions.
Bioassay for TSHR-stimulating antibodies
Serum TSAb levels were measured with a chimeric TSHR (mutant chimeric, Mc4) bioassay (Thyretain; Quidel, San Diego, CA) according to the manufacturer's instructions (16, 18, 26) . Briefly, Chinese hamster ovary-Mc4 cells were seeded and grown to confluent cell monolayers in 96-well plates for 15 to 18 hours. Patient and control serum samples as well as positive, reference, and normal controls were diluted 1:11 in reaction buffer (RB) (Quidel, San Diego, CA) and added to the cell monolayers, and each plate was incubated for 3 hours at 37°C and 5% CO 2 . The Chinese hamster ovary-Mc4 cells were lysed, and the relative light unit values were quantified in a luminometer (Infinite M200; Tecan, Crailsheim, Germany). The assay cut-off is at a percentage specimen-to-reference-ratio of 140%.
Measurement of cAMP assay
Intracellular cAMP levels were measured with a homogeneous, fluorescent assay that is based on binding of cAMP to a DNA-binding protein (Bridge-It® cAMP designer fluorescence assay, Cat. #122934M; ediomics LLC, St. Louis, MO) (27) .
Oxidative stress kits
Nicotinamide adenine dinucleotide phosphate oxidase, gp91phox (NOX2)-expressed proteins were measured in serum using the ELISA kit (human) (item no. 197769; US Biological, Salem, MA). The lipid peroxidation markers [malondialdehyde (MDA) and 8-isoprostane] were measured in urine by using Thiobarbituric Acid Reactive Substances and enzyme immunoassay kits, respectively (item nos. 700870 and 516360; Cayman Chemical, Ann Arbor, MI). The DNA oxidative damage marker 8-hydroxy-2-deoxy guanosine (8-OH-dG) was detected in urine (sample dilution 1:500) by using an ELISA kit (item no. 589320; Cayman Chemical). All assays were performed according to the manufacturer's instructions.
Measurement of respiratory burst in whole blood by chemiluminescence
Venous blood samples were drawn from untreated hyperthyroid patients with GD and control subjects. Fresh blood was collected in citrate tubes and kept at room temperature until measurement within 1 hour. The blood samples were diluted 1:50 in PBS containing the luminol analog 8-amino-5-chloro-7-phenylpyridol [3,4-d] pyridazine-1,4-(2H,3H) dione sodium salt (L-012, 100 mM final concentration) (28) . Activation of the phagocytic NADPH oxidase was stimulated with phorbol 12,13-dibutyrate (PDBu) (10 mM final concentration from a stock in dimethyl sulfoxide), the fungal endotoxin zymosan A (50 mg/mL final concentration from a stock in PBS), and basal (without stimulators) and was detected with L-012 (8-amino-5-chloro-7-phenyl-pyrido [3,4- 
Measurement of ROS by dihydroethidium
HPLC (Jasco, Groß-Umstadt, Germany) was applied to measure intracellular ROS formation in human embryonic kidney (HEK)-293 cells that stably overexpressed the human TSHR (HEK-293 TSHR). Superoxide was measured by dihydroethidium (DHE), which produces the superoxide-specific product 2-hydroxyethidium (2-HE) and the unspecific oxidation product ethidium (E+) in addition to minor dimerization products (29) . E+ and 2-HE were detected by fluorescence (excitation 480 nm/emission 580 nm) (30) . In this study we used a modified HPLC protocol (31) . Serum samples from patients with untreated GD and control subjects were diluted 1:11 in RB.
The purely stimulatory monoclonal antibody (MAb) M22 (4 mg of IgG with 2.5 mg of BSA per vial, freeze-dried) and the purely TSHR-blocking MAb K1-70 (10 mg of IgG with 2.5 mg of BSA per vial, freeze-dried) were purchased from RSR Ltd. (Cardiff, UK). The final concentration (200 ng/mL) of M22 and K1-70 MAb was diluted in RB and tested in the HPLC. Bovine TSH was purchased from Sigma-Aldrich (St. Louis, MO; Cat. #T8931, 10 IU per vial). For bovine TSH (100 and 1000 mIU/mL) and M22 MAb (0.2 and 1 mg/mL), doseresponse measurements were performed under the same conditions as described previously. For testing T3, one tablet containing 20 mg T3 (Thybon 20; Henning, Berlin, Germany) was dissolved in Eagle minimum essential medium to yield a final concentration of 100 and 1000 mg/mL T3, respectively.
The HEK-293 TSHR cells were seeded and grown in 24-well plates at a density of 1.1 3 10 5 cells per well and incubated with serum for 6, 24, and 48 hours. Subsequently, the cell monolayers were washed with PBS. For the measurement of DHE oxidation products, PBS containing 50 mM DHE was added to the cells. The plates were incubated for 30 minutes at 37°C and 5% CO 2 . For the measurement of DHE oxidation products in the cell lysate, the supernatant was removed, and a 1:1 mixture of acetonitrile and PBS was added to the cells and then scraped off. After centrifugation for 10 minutes at 10,000 g, the supernatant was measured by HPLC. As an oxidized standard, we used 250 nM 2-HE prepared by reaction of xanthine oxidase and hypoxanthine with DHE as described (31) .
Measurement of lipid peroxidation
Primary human thyrocytes and stably transfected cells
For the isolation of primary human thyrocytes, tissue samples were collected from normal thyroid tissue of patients undergoing total thyroidectomy for thyroid cancer at the National Institutes of Health Clinical Center. Patients provided informed consent on an institutional review board-approved protocol, and materials were received anonymously with approval of research activity through the Office of Human Subjects Research, National Institutes of Health. HEK-293 TSHR cells were used as described (32) .
Experimental outline
Primary cultures of human thyrocytes or HEK-293 TSHR cells were seeded to a density of 5 3 10 5 cells per well in 6-well plates or 1.1 3 10 5 cells per well in 24-well plates in a final volume of 2 or 1 mL DMEM (Biochrom, Berlin, Germany) with high glucose 4.5 g/L and containing L-glutamine and sodium pyruvate, which were supplemented with 10% fetal calf serum (FCS) and 1% penicillin/streptomycin, respectively. After cell attachment, DMEM supplemented with 1% FCS was added. The concentration of FCS was reduced from 10% to 1% to avoid nonspecific effects of FCS. The cells were kept in a humidified atmosphere at 37°C and 5% CO 2 overnight. Primary human thyrocytes and HEK-293 TSHR cells were incubated with serum samples (diluted 1:11 in RB) from patients with untreated GD and control subjects. For each serum sample one well on the 6-well plate was used. The effects of serum incubation on the lipid peroxidation marker 4-HNE were investigated by performing measurements at 6, 12, 24, and 48 hours.
Cell homogenization
The cell monolayers were washed three times with PBS. After aspiration, the cells were directly homogenized. The cells were scrapped off with ice-cold homogenization solution (150 mL per well). The cell solutions were incubated for 60 minutes on ice. After centrifugation, the protein concentrations were determined by the Bradford assay.
Preparation of the protein samples
A total of 420 mL of each sample was prepared, and 200 mL were applied in duplicate for dot-blot analysis. The tubes were prefilled with 13 PBS containing 0.14% SDS, homogenization buffer, and the corresponding volume of each sample, depending on the measured protein concentration, was added. During analysis, 27 6 4 mg protein per sample was applied per dot.
Immunodot-blot analysis
Transfer of the protein samples and blocking of the membranes
The filter and nitrocellulose membrane were pre-wet by immersion in PBS. The dot-blot apparatus was assembled from the bottom up, and the dots were pre-washed with PBS. During aspiration, the prepared protein samples were added onto the nitrocellulose membrane by vacuum filtration. After immobilization of the proteins, the nitrocellulose membrane was dried on a glass plate for 60 minutes at 60°C on a heat block. Nonspecific protein binding sites were saturated by soaking the membrane in blocking solution containing 5% milk powder (MP) in PBS for 1 hour at room temperature with gentle swinging.
Primary and secondary antibody binding
The membrane was incubated with the primary Ab goat anti-4-HNE monoclonal antibody (1:500, Millipore, Darmstadt, Germany) and dissolved in PBS with 5% MP at 4°C overnight. The membrane was briefly washed once in PBS with 0.1% Tween- 20 
Detection and evaluation
The antibody-labeled dots were detected by incubating the membrane with SuperSignal™ West Femto Maximum Sensitivity Substrate (Thermo Scientific, Rockford, IL), followed by imaging using a chemiluminescence documentation system (ChemiLux CSX-1400M, INTAS, Göttingen, Germany). The integrated density of the labeled dots was analyzed using Gel-Pro Analyzer software (Media Cybernetics, Bethesda, MD).
Statistical analysis
All data were presented as mean 6 SEM and were analyzed with Sigma Stat (Systat, Inc., San Jose, CA) and/or Prism software (version 5.04 and 6; GraphPad, San Diego, CA). Oneway analysis of variance was calculated with the Holm-Sidak multiple comparisons test. Student t test for unpaired samples was used for comparison between two independent groups if normally distributed. Statistical comparisons between two independent groups were done by the exact Mann-Whitney U test if not normally distributed. When comparing more than two groups, the Kruskal-Wallis test was used. Correlations between serum TSAb levels and oxidative parameters in serum and urine were quantified with the Spearman test. All P values were two sided, and results were significant at P , 0.05.
Results
The demographic and clinical data of all investigated study groups are shown in Table 1 .
Measurement of markers for lipid peroxidation and DNA oxidative damage in urine
The lipid peroxidation markers MDA and 8-isoprostane as well as the DNA damage marker 8-OH-dG were measured in urine samples obtained from patients with untreated hyperthyroid GD, hyperthyroid patients with toxic nodular goiter, and control subjects ( Table 2) . The markers MDA, 8-isoprostane, and 8-OH-dG were higher in hyperthyroid patients with GD vs hyperthyroid patients with toxic nodular goiter (P = 0.001, P = 0.04, and P = 0.04, respectively) and vs control subjects (P = 0.01, P = 0.02, and P = 0.03, respectively). In patients with untreated Graves hyperthyroidism, serum levels of TSAbs positively correlated with urine concentrations of malondialdehyde (r = 0.79, P , 0.001), 8-isoprostane (r = 0.82, P , 0.001), 8-hydroxy-2-deoxy guanosine (r = 0.69, P , 0.01), and serum NOX2 levels (r = 0.85, P , 0.001).
NOX2 ELISA assay
NOX2-expressed proteins were measured in serum of untreated hyperthyroid and treated euthyroid patients with GD, patients with toxic nodular goiter, and control subjects (Fig. 1) . Markedly higher levels were noted in hyperthyroid vs euthyroid patients, in hyperthyroid untreated GD vs hyperthyroid patients with toxic nodular goiter, and in euthyroid control subjects (all P , 0.0001).
Measurement of the phagocytic NOX2 activity
The individual kinetics of the respiratory burst of leukocytes in whole blood of an untreated hyperthyroid GD patient and a control subject after stimulation with PDBu and zymosan A, as well as without stimulation (basal), are shown in Fig. 2A . The maximum Values are mean 6 SEM.
Abbreviations: fT4, free thyroxine; fT3, free triiodothyronine; SRR, specimen-to-reference ratio; TBII TSHR-binding inhibitory immunoglobulins.
doi: 10.1210/jc.2018-00509 https://academic.oup.com/jcemstimulation peaks for PDBu and zymosan A were observed after 20 minutes and 45 minutes, respectively. The apparent magnitude of counts per second was increased 1.5-fold in hyperthyroid untreated patients with GD vs control subjects (Fig. 2B ) for both PDBu and zymosan A (P , 0.05 and P , 0.00001), respectively. The white blood cell count (number of cells 3 10 3 /mL) was comparable in the two patient groups (mean 6 SEM: 6.1 6 0.3 and 6.2 6 0.4 in hyperthyroid untreated patients with GD and control subjects, respectively).
Measurement of ROS by DHE
The HPLC chromatograms of the fluorescence detection of the superoxide-specific 2-HE and unspecific E+ DHE product are representative of an untreated hyperthyroid GD patient vs a euthyroid control subject after 48-hour stimulation of HEK-293 TSHR cells (Fig. 3A) .
HPLC-based analysis revealed increased levels of the 2-HE product in HEK-293 TSHR cells stimulated with serum from patients with untreated hyperthyroid GD (after 48 hours) vs control (after 6, 24, and 48 hours) and vs the 6-hour patient group (P , 0.05) (Fig. 3B) . Bovine TSH and M22 showed a dose-dependent increase in Values are mean 6 SEM. Figure 1 . Measurement of NOX2 in serum samples of patients with GD and healthy controls. Serum was used from untreated hyperthyroid patients with GD (n = 22), treated euthyroid patients with GD (n = 19), patients with toxic nodular goiter (n = 5), and euthyroid healthy control subjects (n = 10). The black horizontal line indicates the median. Marked differences were noted between hyperthyroid untreated patients with GD vs euthyroid treated patients with GD, hyperthyroid untreated patients with toxic nodular goiter, and healthy control subjects. ***P , 0.0001. Respiratory burst of several patients with untreated hyperthyroid GD and healthy control subjects. Results from patients with GD (n = 8) and control subjects (n = 8) are shown as black and white bars, respectively. PDBu and zymosan A elicited maximal ROS formation, which was significantly different in control subjects vs patients with GD. *P , 0.05; ****P , 0.00001.
intracellular superoxide formation as determined by HPLC analysis in HEK-293 TSHR cells (Fig. 3C and 3D) . Also, M22 stimulated, in a dose-dependent manner, cAMP release from HEK-293 TSHR cells using a Bridge-It cAMP assay (Fig. 4) .
The TSHR blocking MAb K1-70 did not show a 2-HE response (data not shown). Finally, T3 was tested in HEK-293 TSHR cells at two different concentrations (100 and 1000 mg/mL) and did not affect superoxide production as measured by HPLC (Fig. 3E) . , and 48 h after incubation of HEK-293 TSHR cells with human sera. Untreated hyperthyroid patients with GD (black bars, n = 8) and euthyroid healthy control subjects (white bars, n = 8) are shown with the corresponding 2-HE fluorescence signal. Levels of 2-HE in HEK-293 TSHR cells incubated with serum from patients with untreated hyperthyroid GD (after 48 h) were markedly different vs control subjects after 6, 24, and 48 h and vs the 6-h patient group (P , 0.05), respectively. (C) Chromatograms of the fluorescence detection of the superoxide-specific 2-HE and unspecific E+ oxidation products of DHE. The peaks for 2-HE and E+ are examples for HEK-293 TSHR cells upon stimulation with bovine TSH (100 vs 1000 mIU/mL) or with the M22 MAb (0.2 vs 1.0 mg/mL). (D) Measurement of superoxide-specific 2-HE by HPLC. The graph shows the effects of stimulation of HEK-293 TSHR cells with bovine TSH (100 and 1000 mIU/mL, black bars) or with M22 MAb (0.2 vs 1.0 mg/mL, checkered bars) on intracellular superoxide formation as measured by HPLC-based quantification of 2-HE (n = 4 independent experiments). Basal levels are also shown (incubation of cells without bovine TSH and M22 MAb, white bars). The highest concentrations of both stimulators caused a significant increase in superoxide formation. *P = 0.0028 and P = 0.0082, respectively. (E) Intracellular superoxide by 2-HE HPLC measurement. The graph shows the effects of stimulation of HEK-293 TSHR cells with T3 (100 mg/mL, dark gray bar) and 1000 mg/mL (black bar) on intracellular superoxide formation as measured by HPLC-based quantification of 2-HE (n = 4 independent experiments). Basal levels are also shown (incubation of cells without T3, light gray bar).
Measurement of lipid peroxidation in cultured cells
Levels of 4-HNE, as measured by immunodot-blot, in primary human thyrocytes and in HEK-293 TSHR cells are shown in Fig. 5A and 5B. In human thyrocytes, the 4-HNE marker was markedly higher in patients with GD at 48 hours (P = 0.04) in comparison with all other groups. In the HEK-293 TSHR cells, 4-HNE was markedly higher in patients with GD at 48 hours vs control subjects at 6 and 48 hours (both P , 0.05).
Discussion
The current study demonstrates that functional thyrotropin receptor-stimulating antibodies are involved in oxidative stress mechanisms in patients with Graves hyperthyroidism. The excessive generation of ROS may cause oxidative damage, as seen foremost by lipid peroxidation in untreated hyperthyroid patients with GD compared with treated, euthyroid GD, and healthy euthyroid control subjects. These findings were observed in samples of patients with untreated GD containing polyclonal TSAbs and after stimulation with the monoclonal purely stimulatory antibody TSAb M22.
Abnormally high oxidative stress potentially affects the pathogenesis of GD by inducing and augmenting inflammation in the thyroid, leading to apoptosis and breakdown of the normal balance between self-tolerance and immunity (4) . In hyperthyroidism, increased oxygen consumption, dysfunction in the mitochondrial respiratory chain, elevated intracellular adenosine triphosphate consumption, and increased ROS production were observed (4). Increasing ROS levels affect membrane lipids, and the consequent oxidative damage leads to cell and tissue damage. Thus, ROS molecules can be regarded as global indicators of oxidative stress.
The DNA damage marker 8-hydroxy-2-deoxy guanosine was lower in urine samples of patients with toxic nodular goiter compared with patients with GD. Our data on 8-OH-dG are in line with a previous study reporting higher expression levels of DNA repair proteins (ATM and gH2AX) in thyroid cancer tissues than in benign nodular goiter and normal adjacent tissues (33) . ATM and gH2AX play an important role in the detection and repair of DNA double-strand breaks and the cellular response to DNA damage, which can be observed under oxidative stress conditions (e.g., upon treatment with artesunate) (34) .
NOX2 generates ROS (superoxide anions) when it is activated (35) . In cellular homeostasis, ROS generated by NOX2 acts as an effector signaling molecule for cell growth, migration, and several other physiological responses (35) . NOX2 enzymatic complex reduces oxygen; subsequently, superoxide anions are produced and transformed to the highly reactive hydroxyl radical (•OH) and hydrogen peroxide (H 2 O 2 ). Increased markers of oxidative stress and decreased antioxidative capacity were also observed in erythrocytes of patients with GD (10). After antithyroid treatment, all analyzed parameters were normalized. The euthyroid state was achieved more rapidly with administration of additional selenium (36) , which is an essential factor for glutathione peroxidase as antioxidant enzyme. TSHR-Abs directly induce GD and, through thyroid dysfunction, lead to an imbalance between antioxidants and ROS (i.e., superoxide) (37) . In our study and in line with the above statements is the observed increased activation of NOX2, which was measured after zymosan A and PDBu stimulation in whole blood obtained from hyperthyroid patients with GD vs control subjects, leading to oxidative damage. The protein kinase C is activated by PDBu and leads to an increase of superoxide formation by NOX2. No activity of NOX2 was detectable in patients with nonautoimmune hyperthyroidism, suggesting that the activation of NOX2 is induced by TSAbs only in hyperthyroid patients with GD. Thus, ROS formation seems to be a consequence of the chronic activation of leukocytes by functional TSHR-Abs.
The human TSHR-stimulating MAb M22 was able to cause an increased generation of the specific superoxide product 2-HE as measured by HPLC. In contrast, the TSHR blocking human MAb, K1-70 caused no measurable signal. These data are in line with the hypothesis that TSAbs, either monoclonal or polyclonal, are directly involved in the oxidative damage in patients with GD, whereas the functional TSHR blocking Abs showed no such effect. Further, no increase in superoxide-specific Representative immunodot-blot of the oxidative stress marker 4-HNE in primary human thyrocyte after incubation with serum from untreated hyperthyroid patients with GD (D for disease, n = 8) and euthyroid healthy control subjects (Ctr, n = 8). The cells were incubated with serum in a time series for 6, 12, 24, and 48 h. In primary human thyrocytes, the 4-HNE marker was significantly higher in the GD 48-h group in comparison with all other groups. The 4-HNE levels were higher in patients with GD vs control subjects at 6 and 48 h (P = 0.02 and P = 0.04, respectively) and in patients with GD at 48-h incubation vs 12 h (P = 0.02) and 6 h (P = 0.01). For Ctr and GD groups, a time-dependent increase was observed. (B) Representative immunodot-blot of the oxidative stress marker 4-HNE in HEK-293 TSHR cells after incubation with serum from untreated hyperthyroid patients with GD (n = 8) and euthyroid healthy control subjects (n = 8). The cells were incubated with serum in a time series for 6, 12, 24, and 48 h. Regarding the HEK-293 TSHR cells, 4-HNE was markedly higher in GD at 48 h vs control subjects at 6 and 48 h (both P , 0.05).
2-HE was observed when testing two different T3 concentrations compared with basal levels (cells incubated without T3) in HPLC, suggesting that ROS formation is not directly affected by the active thyroid hormone T3.
Lipid peroxidation is the reaction of oxygen with polyunsaturated lipids (15) , and the lipid peroxidation product 4-HNE was used in the current study as a marker of oxidative stress. For the investigation of lipid peroxidation, human primary thyrocytes (physiological TSHR expression) and HEK-293 TSHR cells stably overexpressing the human TSHR were used as model systems. In comparison with the HEK-293 TSHR cells, the TSHR expression level in primary thyrocytes was 100-fold lower, and TSHR expression may vary from donor to donor. This explains why the HEK-293 TSHR cells are more sensitive in responding to TSAbs in patient serum and M22 MAbs. In both cell types, the detection of the lipid peroxidation marker 4-HNE was confirmed via immunodot-blot analysis. Both polyclonal and monoclonal TSAbs directly increased in vitro superoxide release and the lipid peroxidation marker 4-HNE, which was confirmed by the in vivo measurements showing higher oxidative stress markers (MDA, 8-isoprostane, and 8-OH-dG) in urine of patients with untreated GD.
The investigation of the respiratory burst of whole blood leukocyte-dependent ROS formation and the detection of the oxidation products of DHE in HPLC and the 4-HNE immunodot-blot, which did not include hyperthyroid patients with nonautoimmune hyperthyroidism or toxic nodular goiter, cannot be considered as definitive proof of a direct TSHR-Ab effect. This is a potential limitation of the study, although the HPLC data clearly demonstrated a missing effect of T3 on ROS generation.
In summary, TSAbs are involved in several oxidative stress mechanisms in patients with Graves hyperthyroidism, enhancing ROS production and inducing lipid peroxidation.
